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ABSTRACT
We report the first detection of galactic spiral structure by means of thermal emission from magnetically
aligned dust grains. Our 89 µm polarimetric imaging of NGC 1068 with the High-resolution Airborne Wideband
Camera/Polarimeter (HAWC+) on NASAs Stratospheric Observatory for Infrared Astronomy (SOFIA) also
sheds light on magnetic field structure in the vicinity of the galaxys inner-bar and active galactic nucleus (AGN).
We find correlations between the 89 µm magnetic field vectors and other tracers of spiral arms, and a symmetric
polarization pattern as a function of the azimuthal angle arising from the projection and inclination of the disk
field component in the plane of the sky. The observations can be fit with a logarithmic spiral model with pitch
angle of 16.9+2.7−2.8
◦ and a disk inclination of 48 ± 2◦. We infer that the bulk of the interstellar medium from
which the polarized dust emission originates is threaded by a magnetic field that closely follows the spiral arms.
Inside the central starburst disk (< 1.6 kpc), the degree of polarization is found to be lower than for far-infrared
sources in the Milky Way, and has minima at the locations of most intense star formation near the outer ends of
the inner-bar. Inside the starburst ring, the field direction deviates from the model, becoming more radial along
the leading edges of the inner-bar. The polarized flux and dust temperature peak ∼ 3 − 6′′ NE of the AGN at
the location of a bow shock between the AGN outflow and the surrounding interstellar medium, but the AGN
itself is weakly polarized (< 1%) at both 53 and 89 µm.
Corresponding author: Lopez-Rodriguez, E.
enrique.lopez-rodriguez@nasa.gov
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1. INTRODUCTION
Over the past few decades, astronomers have detected the
presence of magnetic fields in galaxies at all spatial scales.
These major studies have been performed using optical and
radio observations (Kronberg 1994; Zweibel & Heiles 1997;
Beck & Gaensler 2004; Beck 2015, for reviews). Radio
observations measure the polarization of synchrotron radi-
ation from relativistic electrons; this radiation is sensitive to
the cosmic ray electron population, which does not closely
trace the gas mass. Studies of interstellar polarization at
optical wavelengths can reveal the magnetic field geome-
try as a result of magnetically-aligned dust grains by ra-
diative alignment torques (Andersson, Lazarian & Vaillan-
court 2015). However, the studies at these wavelengths suf-
fer from contamination by highly polarized scattered light.
Optical polarimetry observations, which should trace the in-
terstellar polarization in extinction (Scarrott et al. 1987), in
one of the best studied spiral galaxies, M51, agrees well
with the synchrotron map (Fletcher et al. 2011). However,
the upper-limit polarization measured at near-infrared (NIR)
wavelengths ruled out the dichroic absorption as the main
polarization mechanism (Pavel & Clemens 2012). The scat-
tering cross section of normal interstellar dust declines much
faster (∼ λ−4) between 0.55 and 1.65 µm than its absorption
(∼ λ−1, Jones & Whittet 2015). It is likely that the optical
polarization measured in the previous works (i.e. Scarrott et
al. 1991) was due to scattering, rather than extinction by dust
grains aligned with the interstellar magnetic field. Observa-
tions of the magnetic field geometry more sensitive to the
denser gas and dust are needed.
Our understanding of how spiral arms form and their role
in galaxy evolution is still incomplete. The most widely ac-
cepted theoretical model for spiral arms is the density-wave
theory (Lindblad 1960; Lin & Shu 1964; Shu 2016). This
theory posits that spiral structure can be described as a super-
position of waves of enhanced stellar density with constant
pitch angles (the angle between the tangent of the wave and
circles around the galactic center) and constant pattern speed
(Athanassoula 1984).This theorypredicts that stars form in
the arms as gas moves into the wave and is compressed by
its gravitational potential. Under this scheme, the pitch an-
gle should be different for different tracers of star formation
(e.g., molecular clouds, HII regions, and newly formed stars)
because they appear at different phases of the wave. The
pitch angle at optical/NIR wavelengths is expected to trace
already born stars, while at far-IR (FIR) wavelengths, the
pitch angle will trace ongoing star formation.
NGC 1068 is the nearest (DL = 13.5 Mpc, 1′′= 65 pc)
grand-design spiral galaxy with both a bright active galactic
nucleus (AGN) and a luminous circumnuclear starburst. It is
classified as a Seyfert 2, where the active nucleus is obscured
by a dusty structure, and the host is an Sb type galaxy. Asso-
ciated with the AGN is a narrow-line region, i.e. ionization
cones, of ∼ 20′′ (∼ 1.3 kpc) in diameter at a position angle
of ∼ 40◦ East of North (i.e. Balick & Heckman 1985) with
the northern region protruding toward us out of the plane of
the galaxy. Schinnerer et al. (2000) have presented CO ob-
servations of the central region of NGC 1068 and discussed
the relationship between the stellar and gas dynamics in the
galaxy. At radii > 15′′ (> 0.975 kpc), the kinematic axis of
the galaxy is approximately east-west, and at very large radii
the eccentricities of the galaxy’s faintest contours is consis-
tent with the 40◦ inclination suggested by HI data. However,
there is a bright oval structure ∼ 180′′ (∼ 11.7 kpc) diam-
eter with long axis perpendicular to the kinematic axis that
probably corresponds to a large-scale stellar bar (fig. 6 of
Schinnerer et al. 2000). Theinner Lindblad resonance (ILR)
of this bar has a de-projected radius of ∼ 18′′ (∼ 1.17 kpc),
near the location of a compact spiral or ring-like structure
in 12CO, consistent with theoretical predictions that gas can
be transported inward along bars and accumulate at the ILR.
NIR observations in the K-band have detected the presence
of a 30′′ (1.95 kpc) diameter inner-bar (Scoville et al. 1988;
Thronson et al. 1989). Telesco & Decher (1988) have sug-
gested that for the case of the NGC 1068 outer-bar the ILR is
actually split into two resonances (“inner-inner” or iILR and
“outer-inner” or oILR) and that the CO spiral pattern is pro-
duced by a spiral density wave between the iILR and oILR
that isdriven by the inner-bar. We will refer to this annulus
as the “starburst ring”. In addition to the CO in the starburst
ring, there are CO clumps extending down into the north-
eastern branch of the inner-bar (but not in the southwestern
branch) and a compact CO ring at radii ∼ 1′′ (∼ 65 pc) that
may be gas accumulating at the ILR of the inner-bar.
There is ample evidence for an exceptionally high rate
of star formation in the central region of NGC 1068, pos-
sibly the result of a recent minor merger (Tanaka, Yagi &
Taniguchi 2017). The optical surface brightness of the galac-
tic disk at radii ≤ 25′′ (≤ 1.63 kpc) (henceforth the “star-
burst disk”) is among the brightest of any galaxy in the
local universe (Keel & Weedman 1978; Weedman 1985;
Ichikawa, Okamura & Kaneko 1987). Observations in the
FIR have shown that the total luminosity of the starburst disk
is > 1011L (Telesco & Harper 1980; Telesco et al. 1984).
Radio observations at 1.465 GHz (Wilson & Ulvestad 1982)
show that the same region is extremely rich in the type of
non-thermal synchrotron emission produced in supernova ex-
plosions of massive young stars. On the basis of 10.8 µm
and NIR data, Telesco & Decher (1988) and Thronson et al.
(1989), respectively, have argued that almost all the actual
star formation takes place within the starburst ring and that
the most intense activity occurs near the outer ends of the
inner-bar.
These properties have made NGC 1068 a suitable object
for spatially resolved polarimetry. Using optical polarimetry
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of NGC 1068, Scarrott et al. (1991) found a spiral pattern that
was interpreted as delineating the magnetic field geometry in
the spiral arms of the galaxy. Given the effects of scattering
on optical polarimetry measurements and the lack of detected
interstellar polarization at radio wavelengths for NGC 1068,
this association has to be questioned.
We have performed FIR polarimetric observations to im-
age the central 2′×2′ (7.8×7.8 kpc2) of NGC 1068 at wave-
lengths of 53 and 89 µm. We discuss the 53 µm flux from
the AGN in a previous paper (Lopez-Rodriguez et al. 2018a).
In this paper, we present our polarimetric results, including
an 89 µm image that for the first time reveals galactic spiral
structure by means of thermal emission from magnetically
aligned dust grains. At FIR wavelengths, scattering and Fara-
day rotation are not a factor at these scales. The dominant
emission is from warm dust, which more closely samples the
total gas column density than relativistic electrons producing
the synchrotron emission. The paper is organized as follows:
Section 2 describes the observations, data reduction, and ob-
servational results. In Section 3, we fit our polarimetry data
to a spiral galactic magnetic field model, which is then ana-
lyzed and discussed in Section 4. In Section 5 we present our
conclusions.
2. OBSERVATIONS AND DATA REDUCTION
NGC 1068 was observed at 53 and 89 µm as part of the
guaranteed time observations (GTO, ID: 70 0609) using the
High-resolution Airborne Wideband Camera-plus (HAWC+)
(Vaillancourt et al. 2007; Dowell et al. 2010; Harper et al.
2018) on the 2.7-m Stratospheric Observatory For Infrared
Astronomy (SOFIA) telescope. HAWC+ polarimetric obser-
vations simultaneously measure two orthogonal components
of linear polarization arranged in two arrays of 32 × 40 pix-
els each, with pixel scales of 2.′′55 and 4.′′02 pixel−1, and
beam sizes (full width at half maximum, FWHM) of 4.′′85
and 7.′′80 at 53 and 89 µm, respectively. For both bands, we
performed observations in a four-dither square pattern with
a distance of three pixels from the center position in the ar-
ray coordinate system. In each dither position, four halfwave
plate position angles (PA) were taken.We used a chop fre-
quency of 10.2 Hz, a nod time of 45s, a chop-throw of 180′′,
and a chop-angle of 90◦ to always be along the short axis
of the 32 × 40 pixels array. We used the science instrument
reference frame (SIRF) for these observations. At 53 µm,
we observed a total of 8 dither positions, and a total of 63
dither positions at 89 µm. The total on-source integration
times were 0.47h and 2.03h at 53 and 89 µm, respectively.
The total clock time of the observationson-source time plus
off-source time plus overheadsis 1.3h and 5.2h, respectively.
Based on the morphology of the source using images from
the Herschel Space Observatory1 (Pilbratt et al. 2010) and
the chop-throw of 180′′ used for the HAWC+ observations,
1 Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with important
participation from NASA
the reference beam fluxes should be≤ 1/10 times the source
flux over a source diameter of 120′′ and therefore negligible.
Data were reduced using the HAWC DPR PIPELINE v1.3.0.
The pipeline procedure described by Harper et al. (2018)
was used to background-subtract and flux-calibrate the data
and compute Stokes parameters and their uncertainties. Fur-
ther analyses and high-level displays were done with custom
PYTHON routines.
Figure 1 shows the total flux image with overlaid polariza-
tion vectors in a 2′×2′ (7.8×7.8 kpc2) field-of-view (FOV) at
89 µm. Polarization vectors have been rotated by 90◦ to show
the morphology of the magnetic field. Each polarization vec-
tor shows a statistically independent polarization measure-
ment with P/σP ≥ 3. We observe extended dust emission
along the spiral arms of the galaxy up to a diameter of∼100′′
(∼ 6.5 kpc) centered at the nucleus while the central∼ 1 kpc
radius emission is extended along PA of∼ 45◦ and co-spatial
with the inner-bar. The polarization map shows a spiral shape
with a diameter of∼ 50′′ (∼ 3.25 kpc). This spiral shape can
be clearly identified in Figure 2-left in the image made using
the line integral convolution contour (LIC) technique (Cabral
& Leedom 1993). This figure uses all polarization vectors
regardless of signal-to-noise ratio measured in our observa-
tions. Figure 2-right shows combined HST observations at
V-band, I-band, and Hα with overlaid magnetic field vectors
(blue vectors) from our 89 µm SOFIA HAWC+ observations.
The polarized flux is shown in Figure 1-right. The polarized
flux shows extended emission along the E-W direction with
a peak slightly shifted North from the peak of the total flux
intensity.
Given the short integration time at 53 µm, only polariza-
tion at the nucleus (one independent vector is measured) of
NGC 1068 was detected, and the polarization map is not
shown. For the total intensity image at 53 µm, we refer to the
HAWC+ observations using the Lissajous observing mode
presented by Lopez-Rodriguez et al. (2018a). We here report
the measured nuclear degree of polarization of 1.3 ± 0.3%
and PA of polarization of 139 ± 6◦ (E-vector) within a 5′′
(325 pc) diameter at 53 µm. For 89 µm, we measured a nu-
clear polarization of 0.62 ± 0.3% and PA of polarization of
156± 13◦ (E-vector) within a 8′′ (520 pc) diameter.
3. MODEL OF THE LARGE-SCALE GALACTIC
MAGNETIC FIELD
The observational results shown in Section 2 suggest the
presence of a large-scale magnetic field along two spiral
arms. We here produce a model of the magnetic field to char-
acterize this structure. We use an axisymmetric spiral struc-
ture (i.e. Ruiz-Granados et al. 2010; Braun, Heald & Beck
2010) defined in cartesian coordinates by the form
Bx=−B0(r) sin(φ+ Ψ) cosχ(z) (1)
By =B0(r) cos(φ+ Ψ) cosχ(z) (2)
Bz =B0(r) sinχ(z) (3)
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Figure 1. Left: 89 µm total flux (color scale) with polarization vectors (white vectors) with P/σP > 3.0 and rotated by 90◦ to show the inferred
magnetic field within the central 2′ ×2′ (7.8×7.8 kpc2). Contours are shown for 2nσ, where n = 3.0, 3.5, 4.0, . . . and with σ = 6.74×10−3
Jy sqarcsec−1. Polarization vector of 5% (white vector) and beam size of 7.′′8 (white circle) are shown. Right: Polarized flux (color scale) with
filled contours starting at 3σ with σ = 6.64 × 10−4 Jy sqarcsec−1 and increasing in steps of 2σ. Polarization vectors are shown as in the left
figure. Black cross shows the location of the AGN.
Figure 2. Left: Total flux (color scale) image at 89 µm with overlaid streamlines of the inferred magnetic field morphology using the line integral
convolution technique. Right: HST composite image with overlaid magnetic field vectors (blue vectors) inferred by the SOFIA/HAWC+ 89
µm polarimetric observations. Polarization vector of 5% (blue vector) is shown.
where B0(r) is the magnetic field as a function of the radial
distance from the core of the galaxy, and Ψ is the pitch angle
defined as the angle between the azimuthal (φ) direction and
the magnetic field direction. χ(z) is the out-of-plane mag-
netic field taken as χ(z) = χ0 tanh(z/z0) (Ruiz-Granados
et al. 2010).
When this magnetic field configuration is viewed at an in-
clination, i, and tilt angle, θ, of the galaxy projected on the
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plane of the sky, the magnetic field at the observer’s frame is
given by
Bxs =Bx cos θ + (By cos i−Bz sin i) sin θ (4)
Bys =−Bx sin θ + (By cos i−Bz sin i) cos θ (5)
Bzs =By sin i+Bz cos i (6)
where (xs, ys, zs) are the major axis, minor axis, and the line
of sight, respectively, in the sky coordinate system.
The PA of polarization in the plane of the sky, which
is parallel to the direction of the magnetic field in the
(xs, ys, zs) coordinate system, is computed as PAB =
arctan(Bys/Bxs). The degree of polarization as a func-
tion of the inclination and magnetic field direction in the
plane of the sky is computed as P = po(1 − (Bzs/Bs)2),
where po is a constant factor, and B2s = B
2
xs +B
2
ys +B
2
zs is
the total magnetic field. We assume a negligible contribution
of the out-of-plane magnetic field, χ0 = 0, thus our final
magnetic field is coplanar with the disk of the galaxy.
Since the FIR polarimetry is not directly sensitive to the
magnetic field strength, there are three free model parame-
ters: pitch angle, Ψ, inclination angle, i, and tilt axis position
angle, θ. Face-on view corresponds to i = 0◦ and edge-on
to i = 90◦. Tilt axis has a reference point, θ = 0, along
the north-south direction and positively increases east from
north. To fit for model parameters, we computed a Markov
Chain Monte Carlo (MCMC) approach using the differen-
tial evolution metropolis sampling step in the PYTHON code
PYMC3 (Salvatier, Wiecki & Fonnesbeck 2016). The prior
distributions are set to flat within the ranges Ψ = (0◦,50◦),
i = (0◦,90◦), and θ = (0◦,90◦). We run the code using 15
chains with 6000 steps and a 1000 steps burn-in per chain.
Because the central 8.′′3 × 8.′′3 (0.54 × 0.54 kpc2) region of
NGC 1068 is dominated by the inner-bar, we have excluded
this region in this analysis. One could perhaps question the
size of the exclusion zone, but the overall effect on the model
fit (presented above) of the small number of vectors within
the innermost annulus will be small.
Figure 3 shows the marginalized posterior distributions of
the free parameters and their maximum a posteriori (MAP)
with their 1σ estimations. This figure also shows, as a func-
tion of azimuthal angle, the measured degree of polarization,
the measured PA of polarization ∆φ (black dots) in radial co-
ordinates centered on the galaxy nucleus, the best fit model
(orange solid lines), and 1σ uncertainties (blue shadow re-
gion). If ∆φ = 0◦, the angle is perfectly radial, and if
∆φ = ±90◦, the angle is perfectly azimuthal. To generate
the data points in the figure, the Stokes I, Q, and U images
were binned by azimuthal angle in bins of 10◦. Then, debi-
ased degree and PA of polarization were estimated for each
bin.
We find a symmetric pattern of the polarization as a func-
tion of the azimuthal angle, reflecting the relationship among
degree of polarization, polarization PA, and model parame-
ters shown above. An axisymmetric spiral structure with a
pitch angle of Ψ = 16.9+2.7−2.8
◦, inclination i = 48.1+1.8−1.9
◦,
Figure 3. Top: Posterior distributions and MAP values of the pitch,
Ψ, inclination, i, and tilt, θ, angles of the magnetic field model.
Bottom: Degree and PA of polarization vectors were subtracted by
vectors in radial coordinates centered on the galaxy nucleus, ∆φ
(black dots). Azimuthal angle equal to 0 corresponds to North and
positive values are counted counter-clockwise in the EofN direction.
∆φ = 0◦ corresponds to a perfectly radial direction, while ∆φ =
±90◦ corresponds to a perfectly azimuthal direction. The best fit
model (orange solid line) and the 1σ uncertainties (blue shadow
region) are shown.
and tilt angle of θ = 37.8±1.7◦ best describes our data. The
host galaxy is inclined by 40◦ (de Vaucouleurs et al. 1991;
Brinks et al. 1997), which is fairly close to our estimated
values. The main difference may be that de Vaucouleurs et
al. (1991) estimated the galaxy inclinations using isophotes
on the optical images, and that Brinks et al. (1997) used the
rotation curve of the HI emission observations while our esti-
mation is based on a smaller region of the galaxy dominated
by the FIR emission. We further discuss the pitch angle in
Section 4.3.
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Figure 4. Left: Best inferred model (blue lines) of the galactic magnetic field explaining the measured (black lines) magnetized spiral arms of
the central 3 × 3 kpc2 of NGC1068. This figure shows constant length observed vectors (black) and predicted model vectors (blue). Right:
Total flux (color scale) with overlaid magnetic field model (streamlines) using LIC and measured polarization vectors (black lines).
Figure 4 (left) shows the magnetic field configuration (blue
vectors) of the best inferred parameters (Fig. 3) with the
overlaid measured PA of polarization (black vectors) of the
central 3 × 3 kpc2 of NGC 1068. Figure 4 (right) shows
the total flux (color scale) image of NGC 1068 with overlaid
magnetic field model (streamlines) using LIC techniques and
the measured polarization vectors (black lines). All polar-
ization vectors have the same length, and their orientation
shows the magnetic field morphology. The large-scale mag-
netic field morphology agrees with an axisymmetric spiral
structure. The largest difference between our model and the
observations is located within ∼ 1 kpc of the nucleus (Sec-
tion 4.4).
4. DISCUSSION
4.1. Temperature and column density maps
To support the analysis of the following sections, we
have constructed temperature and column density maps of
NGC 1068. We have combined our 89 µm HAWC+ obser-
vations with archival Herschel Space Observatory (Pilbratt
et al. 2010) observations at 70, 160, and 250 µm taken with
the PACS (Poglitsch et al. 2010) and SPIRE (Griffin et al.
2010) instruments. We binned each observation to the pixel
scale, 6′′, of the 160 µm Herschel data. Then we extracted
the intensity values of each pixel associated with the same
part of the sky at each wavelength. Finally, we fit a modified
blackbody function assuming a dust emissivity of λ ∝ λ1.6
(e.g. Boselli et al. 2012) and with the temperature and optical
depth, τ , as free parameters. We estimate the column density
using the relation NHI+H2 = τ/(kµmH), where τ is the
optical depth at 250 µm from the best fit modified blackbody
function at a given pixel, k = 0.1 cm2 g−1 (Hildebrand
1983), µ = 2.8 is the mean molecular mass per H molecule
(Kauffmann et al. 2008), and mH is the hydrogen mass. Fig-
ure 5 shows the estimated temperature and column density
distributions within the same FOV (2′ × 2′, 7.8 × 7.8 kpc)
as Fig. 1.
The estimated dust temperatures lie in the range of 20−34
K and peak in a ridge along the inner-bar. There is a strong
peak ∼ 7′′ (∼ 0.45 kpc) NE of the AGN (black cross), and
a weaker maximum ∼ 45′′ (∼ 2.93 kpc) SW of the nucleus
at the position of a complex of HII regions and molecular
clouds in the SW spiral arm. The peak dust temperature (34±
2 K) is displaced ∼ 7′′ (∼ 0.45 pc) NE from the position of
the AGN (black cross). The dust temperature has another
peak in the SW spiral arm at the location of a large complex
of HII regions and giant molecular clouds (see Fig. 2-right,
Kaneko et al. 1989; Tomoka et al. 2017). Fig. 6 shows the
location of the HII regions (bright compact sources) with the
comparison of the HST/F555W with our inferred magnetic
field morphology.
The column densities in the mapped area lie in the range
1020 − 1022 cm−2, corresponding to optical extinctions of
AV ∼ 0.5 − 5 mag. The distribution is extended along the
inner-bar but is not as strongly peaked along the ridge as the
temperatures. There is a weak maximum SW of the nucleus,
and at the lowest contour levels there is an extension along
the SW spiral arm. The morphology is consistent with HI
absorption maps observed with the VLA with a beam size
of 2.′′1 × 1.′′0 (Gallimore et al. 1994). They found column
densities in the range 1− 4 × 1021 cm−2 in the region SW
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Figure 5. Top: Hydrogen column density map, NHI+H2 . Con-
tours start at log (NHI+H2(cm
−2)) = 20 and increase in steps of
0.2dex. Bottom: Temperature map. Contours start at 20K and in-
crease in steps of 1K. Black cross shows the location of the AGN.
of the nucleus. Integrating over the column density map, we
derive a mass of 6.1 ± 1.4 × 108 M in the central 2′ × 2′
(7.8 × 7.8 kpc).
4.2. On the role of magnetic fields in the spiral arms
The main result of these observations is the detection of
coherent magnetic fields over a 3 kpc diameter region. Our
column density map shows that all points have optical depths
< 0.2 at 89 µm. Hence, at each line of sight it is likely that
we are sampling the integrated flux from aligned dust grains
all the way through the galactic disk. In the outer regions
of the map, the optical extinctions are also low to moderate,
and there is a close alignment between visual tracers of spiral
arms and our magnetic field vectors (see Fig. 1, right and Fig.
6, left). Within a diameter of 10 kpc, CO is also aligned with
the optical spiral structure, and Hα residual velocities reveal
streaming motions along the arms (Dehnen et al. 1997).
While we discussed above some of the shortcomings of
mapping magnetic fields with optical polarimetry, the V-band
vectors of figure 2 in Scarrott et al. (1991) or the data shown
by Ward-Thompson (1987) line up well with our mathemati-
cal model. In the outer regions (r > 15′′, outside the starburst
ring) that is also true for our FIR polarimetry. Inside the star-
burst ring, where the optical depths are high (Fig. 5-top), the
V-band degree of polarization is very small, but in general,
the directions follow our model. The FIR emission, on the
other hand, is more highly polarized and there are significant
deviations from the model (see Section 4.4). From the above,
we infer 1) that our FIR polarimetry results are, indeed, trac-
ing spiral structure, 2) that, as expected, they seem to offer
significant advantages over optical polarimetry for measur-
ing the bulk properties of the ISM, particularly along lines of
sight with high optical depth, and 3) that the field lines appear
to follow the directions of gas flows along spiral arms.
The magnetic field in the ISM is often modeled using
a combination of constant and turbulent components. The
trend of fractional polarization with column depth (Hilde-
brand et al. 1999; Jones & Whittet 2015; Jones 2015) pro-
vides an indirect measurement of the effect of the turbulent
component. For maximally aligned dust grains along a line
of sight with a constant magnetic field direction, the degree of
polarization in emission will be constant with optical depth
τ . If there is a region along the line of sight with some level
of dust grain misalignment, it will result in a reduced degree
of polarization. If the magnetic field direction in a region
varies completely randomly along the line of sight with a
well-defined scale length in τ , we have P ∝ τ−0.5 (Jones
2015). For any combination of constant and random compo-
nents, the slope will be between these two limits (Jones et al.
2015). However, if 1) grain alignment decreases in denser
regions, or 2) there is coherent cancellation of polarization
(e.g. crossed field directions), or 3) there are regions of very
high turbulence on very small scale lengths, the polarization
can decline faster with optical depth than a slope of −1/2.
Figure 7 shows log/log plots of polarization versus col-
umn density and surface brightness for all polarization vec-
tors with σP < 5%. The column density and dust temper-
ature for each polarization vector is shown in color scale.
It is clear that the polarization is higher when the tempera-
ture, column density, and fluxes are low, although the spatial
anti-correlation of temperature and column density (Figure
5) are the more fundamental relationships. This behavior has
been previously observed in molecular clouds complexes in
our Galaxy and Galactic center (e.g., Hildebrand et al. 1999;
Chuss et al. 2003), which shows a depolarization effect as
flux increases. Due to depolarization effects, we use a linear
fit to the log-log plot along the upper envelope of the mea-
surements, which gives an optical depth index of−0.5 (black
dashed line).
The degree of polarization in our map is typically < 3%,
with a peak of ∼ 7% (with P/σP ∼ 3). The polarization is
systematically higher in the outer regions than in the starburst
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Figure 6. Left: HST/F555W image with the polarization vectors observed with HAWC+ within a 1.5′ × 1.5′ (5.9 × 5.9 kpc2) FOV. Right:
Zoom-in of left image to show the central 15′′ × 15′′ (0.98× 0.98 kpc2). The black cross shows the location of the active nucleus.
Figure 7. Degree of polarization as a function of the column density (left) and surface brightness (right). Colorscale corresponds to the
temperature (left) and column density (right). In all cases, polarization vectors with σP < 5% are shown. A power-law (black dashed line) fit
to the polarization vectors along the spiral arms are shown.
disk at radius≤ 25′′ (1.6 kpc). FIR polarimetric observations
of Galactic clouds typically measure degree of polarization of
3− 6% in the 60− 100 µm wavelength range (Dotson et al.
2000). For our observations of NGC 1068, although we have
an ordered polarization spiral pattern, which indicates a dom-
inant coherent magnetic field, we identify a potential disorder
in the magnetic field on scales smaller than the resolution ele-
ment, 8′′ (520 pc), of our observations. In a sense, this should
not be surprising. The forces creating large-scale structures
like spiral arms result from gravity and rotation. Where there
are additional local sources of energy such at those aris-
ing from the assembly and disruption of star-forming com-
plexes, there will be multiple additional mechanisms for dis-
torting pre-existing magnetic fields or generating new ones
with orientations that differ from the large-scale field. The
larger the fraction of the ISM involved in these processes,
the greater the average misalignment with the general field
and the greater the depolarization of the emergent FIR radi-
ation. This is consistent with studies that show that Galactic
star-forming complexes with scale-lengths of tens of parsecs
are misaligned with the Galaxys field on kiloparsec scales
Stephens et al. (2011). One of the most significant aspects of
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our observations may be that in spite of the extremely high
star formation rate in the starburst disk of NGC 1068, there is
still a clearly discernible spiral field over much of its extent.
The alignment efficiency of dust grains may be an issue in
very dense molecular cloud cores where the extinction ex-
ceeds AV ∼ 20 and no embedded Young Stellar Objects
(YSOs) illuminate the dust (Jones et al. 2015). To deter-
mine the effect of loss of grain alignment on our observa-
tions, we need to calculate what fraction of the flux in our
53 and 89 µm beams could arise from starless or pre-stellar
molecular cores (Caselli 2013). Using 13CO and 1.1 mm
dust continuum observations of the Milky Way, Battisti &
Heyer (2014) find that only about 10% or less of the mass
in Giant Molecular Clouds (GMC) is contained in compact
regions with Av > 10 and temperatures of T∼ 10 K. Given
that some of these regions may contain a YSO that could pro-
duce enough radiation to align grains (e.g. Jones et al. 2016),
this must be considered an upper limit to the mass fraction
in starless cores. Given this upper limit on the mass fraction
of GMCs in the form of starless cores and the 20 − 35 K
range of temperatures we derive for the dust emission in our
beam (Figure 5) for NGC 1068, the fraction of the flux in our
beam from cloud cores with unaligned grains must be less
than 1%. Thus, in our 53 and 89 µm beams (5− 8′′), loss of
grain alignment cannot be a significant contributing factor to
the trend seen in Figure 7. This leaves the coherent cancela-
tion of polarization and/or regions of very high turbulence on
small scale lengths as potential explanations for the slope in
Figure 7.
4.3. The pitch angle and masses
As the density wave passes through the host galaxy, it en-
hances the star formation. The spiral density wave theory
predicts that the pitch angle may vary with wavelength, as de-
scribed in Section 1. NGC 1068 has been studied across the
electromagnetic spectrum where the pitch angle of the arms
has been estimated to be 20.6 ± 4.5◦ at 0.46 µm (Berrier et
al. 2013), 17.3 ± 2.2◦ using R band images with the 2.5-m
Las Cumbres Observatory (LCO) (Seigar 2008), 15◦ using
the Hα velocity field (Emsellem et al. 2006), and 7 − 10◦
using the CO (J=1-0) emission (Planesas, Scoville & My-
ers 1991). We estimated a pitch angle of 16.9+2.7−2.8
◦ in the
magnetic field inferred from 89 µm observations, which is
between the pitch angles estimated in the spiral arms at 0.46
µm and the CO (J=1-0) emission. The material in the galaxy
which is sampled by our FIR measurements is spatially co-
incident with the Hα velocity field (see fig. 7 by Emsellem
et al. 2006). The analysis by Davies, Sugai & Ward (1998)
computed that theHα velocity field pattern is spatially corre-
lated with the starbursting HII regions which was enhanced
by a burst in the past 30 Myr. Later, Emsellem et al. (2006)
found that the Hα velocity field and CO are not spatially co-
incident due to star formation and extinction. We conclude
that the matter sampled by our estimated pitch angle follows
the starbursting regions along the spiral arms.
The spiral density wave theory has also shown that the con-
centration of host galaxy mass and nuclear mass determines
the pitch angle (Roberts, Roberts & Shu 1975). As a con-
sequence, recent studies have gone further and empirically
shown that the spiral arm pitch angle, Ψ, and the central black
hole mass, MBH , may be correlated in the modal density
wave (e.g. Seigar 2008; Berrier et al. 2013) by the form
log (
MBH
M
) = (8.21± 0.16)− (0.062± 0.009)Ψ (7)
(Berrier et al. 2013). Using our estimated pitch angle of
16.9+2.7−2.8
◦, we estimate a nuclear mass of log(M/M) =
7.16+0.46−0.51. Our result is in agreement, within the uncer-
tainties, with the black hole mass of log(MBH/M) =
6.95 ± 0.02 estimated using maser modeling on the central
pc of NGC 1068 (Lodato & Bertin 2003).
4.4. The central region of NGC 1068
We found several features between the measured PA of po-
larization and the magnetic field model within ∼ 1 kpc of
the nucleus. In the map of polarized flux (right-hand panel of
Figure 1), we identify:
• a low polarization, < 1%, within an 8′′ (0.52 kpc) di-
ameter beam centered on the AGN,
• a strong peak in the polarized flux at PA ∼ 22◦ at a
radius of ∼ 4′′ (∼ 0.26 kpc) from the position of the
AGN,
• three distinct minima at (a) at PA∼ 22◦, 8′′ ≤ r ≤ 16′′
(0.52 − 1 kpc); (b) at PA ∼ 212◦, 3′′ ≤ r ≤ 12′′
(0.20 − 0.78 kpc); and (c) at PA ∼ 240◦, 14′′ ≤ r ≤
18′′ (0.91− 1.17 kpc), and
• significant discrepancies between our observed polar-
ization directions and our spiral model.
The polarization of the nuclear region has been extensively
studied from ultraviolet (UV) to MIR wavelengths. The UV-
Optical polarization is very high, 15% (intrinsic polariza-
tion), and it is attributed to dust scattering from the NE re-
gions of the NLR within the central kpc (e.g. Antonucci &
Miller 1985; Antonucci, Hurt, & Miller 1994; Kishimoto
1999). The NIR polarization, ∼ 7% (intrinsic polarization),
is attributed to dichroic absorption of aligned dust grains in
the pc-scale dusty obscuring torus around the active nucleus
(e.g. Bailey et al. 1988; Young et al. 1995; Lumsden et al.
1999; Packham et al. 1997; Lopez-Rodriguez et al. 2015;
Gratadour et al. 2015). The MIR polarization, < 1%, is
attributed to self-absorbed dust emission from aligned dust
grains in the pc-scale optically thick dusty torus (Packham
et al. 2007; Lopez-Rodriguez et al. 2016). We attribute our
measured FIR polarization of < 1% at the core due to depo-
larization from 1) beam, ∼ 8′′, averaging of a more complex
underlying field, 2) the high column density toward the core
(Section 4.1), and/or 3) turbulent environment caused by the
jet.
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It is interesting to note the difference between the nuclear
polarization of the radio-quiet AGN NGC 1068 from the re-
cently reported highly polarized radio-loud AGN, Cygnus A
(Lopez-Rodriguez et al. 2018b). At 89 µm, Cygnus A has
a nuclear polarization of ∼ 10% with a PA of polarization
(B-vector) along the equatorial axis of the torus. Although
both galaxies are at different distances and their angular di-
ameters in the plane of the sky are different, we can estimate
the polarization of NGC 1068 at the same spatial scale of
Cygnus A. We measure the polarization of NGC 1068 at the
same physical scale (8 kpc diameter) of Cygnus A, and we
obtain a polarization level of ∼ 0.7% with a PA of polariza-
tion (E-vector) of ∼ 144◦, i.e. perpendicular to the overall
extension of the polarized inner-bar (Fig. 1). The core of
NGC 1068 at 89 µm seems to be affected by depolarization
arising from the inner-bar and/or an intrinsically weak mag-
netic field, while Cygnus A may have an intrinsically polar-
ized core. Further magnetohydrodynamical models are re-
quired to test the influence of magnetic fields in AGN tori to
compare between radio-loud and radio-quiet objects.
The peak of the polarized flux is located∼ 4′′ (∼ 0.26 kpc)
NE from the AGN near the position of maximum dust tem-
perature. This feature coincides with the northeastern radio
lobe at 4.9 GHz (Wilson & Ulvestad 1982), which is asso-
ciated with high-velocity OIII-emitting clouds within a bow-
shock that separates the AGN outflow from the local ISM.
Young, Wilson & Shopbell (2001) observed a bright X-ray
emission at the same position. The X-ray spectrum of this
feature is a smooth continuum bremsstrahlung spectrum plus
emission lines. Observations at 19.7 − 53 µm show excess
emission at 3′′ − 6′′ (0.20 − 0.39 kpc) NE of the AGN af-
ter removal of an unresolved source at the position of the
AGN (Lopez-Rodriguez et al. 2018a). Scarrott et al. (1991)
also found the region to be polarized at a level of 3%, which
they attributed to the interaction of the jet with the ionization
cone. At the angular resolution of the current FIR data, it
is not possible to differentiate between the case in which the
observed magnetic field at the position of peak polarized flux
is generated by the bow shock or is intrinsic to the interstellar
material with which the outflow is interacting.
The minima in polarized flux at 22◦ (a) and 240◦ (c) coin-
cide with peaks in the 53 µm map of Lopez-Rodriguez et al.
(2018a), the locations of the most intense star formation in
the starburst ring. The most likely explanationfor the low po-
larization is that at these positions, the coherent large-scale
field is completely dominated by randomly oriented fields
generated during the collapse and destruction of a large num-
ber of star-forming cores.
The minimum in polarized flux at 212◦ (b), in the direction
of the counter-jet, may stem from a deficit in ISM density in
that direction. The CO cloud density along the NE branch
of the NIR bar and near the NE ionization cone appears to
begreater than along the SW branch (see, e.g. Schinnerer et
al. 2000; Tosaki et al. 2017).
The largest discrepancies between the measured polariza-
tion and the model of Section 3 (see Figure 4) lie at 5′′ ≤
r ≤ 15′′ atPA ∼ 70◦ and PA ∼ 270◦, in the directions
of gaps in molecular cloud density along the starburst ring
(Schinnerer et al. 2000). The gaps occur between the regions
of most active star formation (see the 53 µm map of Lopez-
Rodriguez et al. (2018a)) and the points at which the outer
spiral arms diverge from the starburst ring (PA ∼ 112◦ and
PA ∼ 292◦). The deviations of the observed field directions
from the model are in the sense of a larger radial component
in the observed vectors. In the sector toward PA ∼ 70◦, the
polarized flux is particularly strong (see Fig. 1-right) and the
vectors line up well with both the NE branch of the inner-
bar (PA ∼ 45◦) and visible dust lanes (see Fig. 2-right). If
the magnetic field traces the gas flow, this would be consis-
tent with inward transport of gas at the leading edges of the
inner-bar, with the highest present-day flow rates occurring
along the NE branch of the bar.
5. CONCLUSIONS
We have presented the first FIR polarimetry of NGC 1068.
We found a large-scale (∼ 3 kpc) spiral pattern that we at-
tribute to thermal emission from magnetically-aligned grains.
There is a spatial and morphological correspondence be-
tween the 89 µm magnetic field vectors and other tracers,
i.e. OIII, Hα, optical, of spiral arms. We found a symmet-
ric polarization pattern as a function of the azimuthal angle
arising from the projection and inclination of the disk field
component in the plane of the sky. We are able to explain
this behavior with an axisymmetric spiral polarization pat-
tern with pitch angle 16.9+2.7−2.8
◦, inclination 48.1+1.8−1.9
◦, and
tilt angle 37.8 ± 1.7◦. The matter sampled by our estimated
pitch angle follows the starbursting regions along the spiral
arms, and, using thepitch angle-mass relationship, predicts a
nuclear mass oflog(M/M) = 7.16+0.46−0.51.
Outside the starburst disk (radius≤ 1.6 kpc) in NGC 1068,
the degree of polarization is similar to that seen in Milky Way
sources. At smaller radii, it decreases with flux, dust temper-
ature, and column density, and it has two minima near the
locations of the ends of the NIR inner-bar in the starburst
ring. This trend is consistent with dilution of the net spiral
field by random fields created by injection of kinetic energy
into the ISM by active star formation.
Inside the starburst ring (< 1.6 kpc), wefound evidence
for large-scale coherent magnetic fields that align with vi-
sual tracers but not with our model field. The discrepancies
are largest along the leading edges of the inner-bar. If the
magnetic field traces gas flows, this is consistent with inward
transport of gas induced by the bar. The intensity of polarized
flux is stronger along position angles centered at ∼ 70◦, sug-
gesting that at the present time the strongest flows are along
the NE branch of the inner-bar.
A peak in polarized flux intensity and dust temperature oc-
curs at ∼ 4′′ (∼ 0.26 kpc) NNE of the AGN near the loca-
tion of the bow shock separating the AGN outflow from the
surrounding ISM. This is consistent with the hypothesis that
the magnetic field has been generated at the shock interfaces
along the edges of the outflow cavity, but our current angu-
lar resolution is insufficient to rule out the possibility that the
field is intrinsic to the interstellar clouds with which the out-
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flow is interacting. There is a minimum in polarized flux to
the SSW of the AGN at the location of the counter-jet, possi-
bly because of a current deficit of ISM in that direction.
The degree of FIR polarization at the position of the AGN
is low, 1.3±0.3% within 5′′ (0.33 kpc) diameter at 53 µm and
0.62 ± 0.3% within 8′′ (0.52 kpc) diameter at 89 µm. This
is much lower than the ∼ 10% FIR polarization of the radio-
loud AGN in Cygnus A (Lopez-Rodriguez et al. 2018b). The
degree of polarization of NGC 1068 integrated over an 8 kpc
diameter region comparable to the physical scale of the re-
gion encompassed by the Cygnus A measurement is only
0.7%.
The results presented here, along with our prior studies of
M 82 and NGC 253 (Jones et al. 2019), provide evidence that
FIR polarimetry can be a valuable tool for studying magnetic
field structure in external galaxies, particularly in regions of
high optical depth.
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